Abstract-This paper presents a novel, magnetic resonance imaging (MRI)-compatible, force sensor suitable for cardiac catheterization procedures. The miniature, fiber-optic sensor is integrated with the tip of a catheter to allow the detection of interaction forces with the cardiac walls. The optical fiber light intensity is modulated when a force acting at the catheter tip deforms an elastic element, which, in turn, varies the distance between a reflector and the optical fiber. The tip sensor has an external diameter of 9 Fr (3 mm) and can be used during cardiac catheterization procedures. The sensor is able to measure forces in the range of 0-0.85 N, with relatively small hysteresis. A nonlinear method for calibration is used and real-time MRI in vivo experiments are carried out, to prove the feasibility of this low-cost sensor, enabling the detection of catheter-tip contact forces under dynamic conditions. Index Terms-Cardiac catheterization, fiber-optic force sensor, force sensor, light intensity modulation, magnetic resonance imaging (MRI)-compatible.
I. INTRODUCTION
C ARDIAC catheterization is a minimally invasive procedure carried out using thin, long, flexible catheters. The catheter is inserted through a small incision in the patient's groin, into the femoral vein which leads to the heart. During such an interventional procedure, the intention is to reach certain locations inside the heart and to perform examinations or treatments (see Fig. 1 ). The physician that performs a catheterization procedure uses assistive imaging devices, such as an X-ray fluoroscope, in order to visualize the internal anatomy of the patient and track the catheter. Despite the high temporal and spatial resolution provided, the X-ray fluoroscopy technique returns only 2-D images with poor soft tissue contrast. In addition, the patient and medical staff are exposed to ionizing radiation during the procedure. These disadvantages have recently forced scientists to seek for other imaging techniques, such as magnetic resonance imaging (MRI) [1] , [2] . MRI is very beneficial in this context offering three dimensional images without emitting any harmful radiation and providing enhanced soft tissue contrast. However, it restricts the use of ferromagnetic equipment and components.
Today, none of the available imaging modalities are capable of providing sufficient information on catheter-tissue interaction forces with sufficient accuracy. Hence, as the physician is not always able to predict these forces, some tasks, such as navigating the catheter through the heart chambers, become difficult and potentially unsafe.
Several force sensors have been developed to deal with the lack of force feedback during minimally invasive operations [3] - [7] . However, most of these sensors cannot be used during MRI catheterization procedures because of their large dimensions, and/or because they contain ferromagnetic materials. To date, there are only a few force sensors specifically designed to measure tool-tissue contact forces inside a beating heart [8] - [11] .
It is current practice for the physician to navigate the catheter based on X-ray images or other visualization means; in most cases the only tactile feedback available are catheter-tissue interaction forces transmitted along the catheter into the physicians' hand. As this feedback is often not sufficient, this paper proposes a sensor at its early developing stages that attempts to overcome this disadvantage by measuring the contact forces between the catheter tip and the cardiac walls. This paper presents the fiber optic sensor prototype that is miniaturized and integrated with a heart catheter. The design considers the constraints of an MRI cardiac ablation procedure and makes use of light intensity modulation for force sensing. It is immune to electromagnetic interference and its development costs are low. Dynamic response and in vivo experiment are presented to demonstrate the feasibility of its operation.
II. FIBER-OPTIC FORCE SENSOR DESIGN

A. Design Considerations for a Catheter-Tip Force Sensor
One of the common procedures in cardiac catheterization is electrophysiology (EP). EP is used to diagnose faulty electrical pathways of the heart and treat cardiac arrhythmias. A trained cardiologist uses RF catheters under image guidance to map the electrical activity of the heart. Subsequently, using electrodes integrated at the tip of an ablation catheter, the physician performs ablation lines (burnings) that isolate the defective heart tissue areas. However, the quality of an ablation is strongly dependent on good mechanical contact between the catheter tip and the cardiac wall. Therefore, information about the forces acting on the tip of the catheter is highly beneficial to speed up and to improve the accuracy of the procedure.
Cardiac catheters have usually a very small diameter: 6-12 Fr (2-4 mm). Moreover, the catheter shaft's internal space is usually shared by several components. Consequently, the miniaturization requirements of the force sensor are considerable [12] . Previous force sensors were attached to the catheter shaft outside the patient (distal end of catheter to remotely measure forces using the catheter itself as a transmission line) [11] . In this way, the actual catheter-tip contact forces are difficult to be distinguished from the frictional forces acting between the catheter shaft and the blood vessels.
Another issue is the force range of such a sensor. Physicians state that a good contact with cardiac tissue is achieved, when a force between 20 and 30 g is applied [9] . Forces of higher magnitudes impose health risks, as they might result in tissue damage or heart wall perforation. A cardiac catheter sensor is expected to measure the contact forces with an accuracy of 1 g, have a working range between 0 and 0.5 N and be of small size (usually 2-3 mm in diameter) with a bandwidth of up to 3-4 Hz [12] . Furthermore, the production and integration of such sensors should not result in a significant increase of catheter cost. Recently, some catheter force sensors have successfully reached the commercialization stage, such as the TactiCath developed from Endosense [9] . However, the TactiCath sensor significantly increases the overall cost of the catheter due to the sophisticated technology required for its production and operation. In addition the Endosense catheter has ferromagnetic materials and is not MRI compatible. In order to meet MRI requirements, a force sensor design must use only nonferromagnetic components. 
B. Force Sensor Design and Prototype
Single-axis fiber-optic technology is used to sense the forces acting on the tip of the catheter. The sensing principle is based on light intensity modulation by reflectance, and the sensor is fully integrated with the catheter shaft. A small cavity is formed between the end of the optical fiber (attached inside the cathetertip guide) and the reflector drive (accommodating the reflector) (see Fig. 2 ). Light is emitted, travels through the cavity and then reflected back into the same optical fiber, which, in turn, is connected with a fiber-optic coupler (see Fig. 3 ).
The force sensor comprises of three components (see Fig. 3 ): 1) a catheter-tip guide, which acts as the support and alignment module of the optical fiber and as the guide rail of the reflector; 2) a cylinder made of elastic material, that acts as a spring; and 3) a reflector drive attached to the catheter tip. These components are assembled to form the catheter-tip force sensor that measures axial forces (along the main axis of the catheter). When an axial force is applied, the elastic material deforms, shrinking the distance between the reflector and the optical fiber, thus, increasing the intensity of the reflected light. Additionally, a second optical fiber with a reflector attached at its emitting face is positioned inside the catheter shaft, close to the catheter tip. This additional fiber generates a reference signal which is used to compensate for signals due to catheter bending and fluctuations of the light source. The compensation is achieved by simply normalizing the two output voltage signals (V sensor /V MAX ) [13] .
The force sensor prototype shown in Fig. 4 is integrated with a 7 Fr (Nylon 6/6) catheter shaft. The catheter-tip and catheter-tip guide components were created using rapid prototyping techniques (Prefactory Desktop, EnvisionTec) and are made of photoreactive acrylate polymers. This manufacturing method ensures high-accuracy production of the components. As a result, the friction between components is low, allowing a smooth translation along the axial direction of the reflector drive inside the catheter-tip guide. The external diameter of these components is 9 Fr (3 mm) and the reflector drive component, which holds the circular plastic reflector, has a diameter of 1.4 mm. The small dimensions of the prototype sensor are within the specifications for cardiac ablation procedures. However, it is noted that further miniaturization of the sensor can be achieved utilizing the above rapid prototyping technique. Nevertheless, there is a tradeoff between the sensor size and its working range; a decrease in size results in a decrease of the measuring working range and the sensitivity of the sensor. Therefore, the robustness of the sensor might reduce as the polymer components become smaller and thus more fragile, especially when considering the highly dynamic environments of a beating heart. The elastic material is a polychloroprene rubber of 3.5 mm in length, with a high degree of elasticity and low hysteresis. A deformation of the elastic material beyond 300 μm is mechanically restricted to prevent damage to the rubber. At the 300 μm limit, the reflector is in contact with the optical fiber tip with a maximum applied force of 0.85 N. The optical fibers are made of acrylic material and have an overall diameter of 250 μm. All the components are glued together and sealed to ensure good stability and protection from fluids. Ultra-bright LED's are used to provide a constant red light source (SFH756 V, Avago Technologies); photodetectors (SFH 250 V, Infineon Technologies Ltd., U.K.) are connected to a signal amplifier with a data acquisition system (NI USB-6211, National Instruments Corporation). The amplifier employs a first order, low-pass active Butterworth filter with a cutoff frequency of 10 Hz to ensure suppression of electrical noise. The proposed system setup (miniature sensor-amplification circuitry) keeps the development and operation costs of this MRI compatible catheter-tip force sensor at minimum levels.
III. SENSOR CALIBRATION
The sensor design using polychroprene rubber ensures deformations with relatively small catheter-tip contact forces. However, the use of an elastic element was expected to result in a nonlinear behavior. After fixing the sensor in a rigid support with an orientation perpendicular to the ground and having the catheter tip looking upwards, a static calibration was performed showing that the sensor is nonlinear over its measuring range. Known weights were applied axially on the tip of the sensor while at each force increment the response of the sensor was recorded. The loading-unloading cycle of the force sensor over a range from 0 to 0.85 N shows that the sensor can operate with low hysteresis (see Fig. 5 ). The maximum hysteresis ratio was calculated from the deviation between the loading and unloading curves and was found to be: h = 0.0235 or 2.35%.
A quadratic equation is used to describe the nonlinear behavior of the sensor, with a 0.996 correlation coefficient and an RMS error of 0.05 V (<1%):
where V is the voltage output of the force sensor, when a force F is applied at the catheter tip and K 1 , K 2 are the calibration coefficients. Equation (1) can be inverted to give the catheter-tip force as a function of the sensor voltage:
Although the static calibration presents low hysteresis, a derivative term is added in (2) to reduce the dynamic hysteretic effects of the polychroprene rubber. The calibration coefficients are calculated using regression analysis (least squares parameter estimation) and found to be, K 1 = 6.9599, K 2 = 1.6246, and K 3 = 45.113. A maximum noise level of 60 mV during the calibration sets the resolution of the sensor at <0.01 N (<1 g of force).
IV. DYNAMIC RESPONSE OF SENSOR
Next, the ability of the sensor to measure forces in a dynamic environment was investigated. The catheter-tip force sensor was subjected to an extreme scenario compared to beating heart conditions with the application of axial forces of randomly varying amplitude and frequency, ranging from 0 to 0.8 N and from 0 to 10 Hz, respectively. It is noted that during beating heart procedures a catheter-tip sensor is highly unlikely to encounter such high frequencies and force amplitudes. The predicted catheter force signals were compared to those measured using a commercial force sensor (ATI, Nano 17). The optical fiber sensor measurements were found to be in relatively good agreement with the forces obtained from the commercial force sensor for a frequency up to 3 Hz (see Fig. 6 ). The dynamic performance of the sensor presents limitations in high amplitudes of force due to the increased mechanical friction between components and the dynamic hysteretic effect of the rubber. Thus, based on this experiment the resolution is decreased and the RMS error is 0.0478 N (5.97% of total amplitude range).
V. In Vivo VALIDATION OF THE SENSOR
An in vivo experiment was conducted in a 40 kg pig (Skejby Hospital, Aarhus, Denmark) under real-time MRI. The intention was to verify the MR-compatibility of both the sensor and catheter and to examine the operation of the sensor prototype inside a beating heart. Using visual feedback from an MRI scanner (Philips, 1.5 T), a 7 Fr catheter integrated with the fiber-optic force sensor was navigated into the heart of the pig. Inside its right atrium, the physicians brought the catheter tip into contact axially with the cardiac wall, mimicking an ablation procedure (see Fig. 7) . A typical sequence of the force signals obtained is shown in Fig. 9 , confirming that the sensor is able to measure the contact forces.
During the procedure, the electronic circuitry for the force sensor was kept outside the MRI room and the heart rate of the pig was continually monitored. The associated optical fiber cables and the heart beat monitor cables were allowed to pass inside the MRI room from a small opening on the magnetically shielded wall. Fig. 8 shows the experimental setup where the optical fiber cables, originating from the catheter device, reach the fiber optic couplers outside the MRI room. In this way, the photodiodes retrieve the light signals, from both the sensor and its reference. Due to the increased drop in light intensity (more than 40% of the transmitted signal is lost), mainly caused by the length of the plastic optical fibers (which were 8 m long in our experiment), the light signals are amplified and then sent for further processing to a personal computer. It is noted that when the catheter tip is in contact with the cardiac wall, force variations due to heart wall movements can be observed. The frequency of the periodic signal (see circle in Fig. 9 ) is approximately 1 Hz which is equal to the heart rate of 60 b.p.m as independently measured using a heart beat monitor. This gives a good indication that the proposed force sensor is capable of measuring forces within the heart. It is noted that even contacts of the prototype sensor in akinetic regions of the heart can provide an accurate force feedback. That feedback relates only Fig. 9 . Force signals obtained from the prototype fiber optic sensor during the in vivo pig experiment. The catheter tip is in contact with the cardiac wall inside the pig's right atrium. From 0 to15 s, the contact has been achieved but, the orientation of the catheter tip is not axial to the wall thus, limiting the sensor's performance. From 16 to 19 s (see circle), a good contact normal to the heart wall has been achieved. The force signals vary with the heart beat rate of the pig (60 bpm-1 Hz).
to the force that is exerted by the catheter tip on the cardiac wall. Additionally, it was observed that the rubber does not seem to have a significant thermal expansion due to temperature variations (from room, 25 C
• , to in vivo, 39 C • ) that could affect the sensor's readings (maximum thermal expansion of the rubber length is (7.13 × 10 −3 mm, E th.exp. = 0.2 %).
VI. DISCUSSION AND CONCLUSION
This paper presents the design and fabrication of a miniature, single-axis force sensor that was integrated with the tip of a cardiac catheter. The fiber-optic sensor, which utilizes a light intensity modulation technique, detects the interaction forces between a catheter tip and cardiac walls during real-time MRI catheterization procedure. Compared to previously developed force sensors, this sensor prototype design is simple to produce and is capable of providing information on the heart-tissue contact forces. Furthermore, it is of low cost and can operate safely in MRI environments. The miniature force sensor has a diameter of 9 Fr (3 mm) and can measure a maximum force of 0.85 N along the axial direction of the catheter tip. The polymer components, which comprise the sensor, provide a catheter tip that is capable to withstand forces higher than those required to perform an ablation procedure. Additionally, the interlocking components guarantee that even in an extreme force condition the sensor will not break into pieces. As a catheter device is usually disposable, the sensor is expected to operate properly for the entire duration of one cardiac ablation procedure. However, it has been observed that too many excessive contacts (more than 1 N--usually forces with this magnitude are applied when the catheter is inserted through the sheath) degrade the sensor's ability to measure forces as the optical fiber tip is forced hard internally against the reflector. Calibration of the sensor prototype was performed using a quadratic equation. In addition, the elastic material that acts as a spring gives low levels of hysteresis and good sensitivity but, is nonlinear. A derivative term was also introduced to make up for the dynamic hysteretic effect produced from the rubber. Signal degradation due to room temperature variations was not observed. The inclusion of a reference optical fiber is a useful tool in detecting and compensating for optical fiber bending and light source alternations.
The dynamic experiment demonstrated the ability of the sensor to measure forces under extreme dynamic conditions showing also its durability. However, the frictional forces between the mechanical translating components, especially for high force amplitudes, decrease the resolution ability of the sensor prototype. For lower operating force amplitudes (up to 0.4 N), the error is decreasing and the resolution improves. The sensor's frequency range from 0 up to 3 Hz is sufficient bearing in mind that a human heart has a normal beat frequency of 1-2 Hz. Higher frequencies, above 10 Hz, were cutoff using filters, mainly to reduce signal distortions introduced by movements of the hand held catheter.
This paper also reports on the findings of using the sensor prototype in an in vivo experiment in a healthy pig. To the authors' best knowledge, this is the first real-time MRI in vivo experiment reported where a catheter-tip force sensor was used. The navigation of a fixed end catheter is observed to be a daunting procedure, particularly when axial contacts of the catheter tip where only pursuit in order to return valid force readings. However, the catheter navigation inside the right atrium of the pig's heart was conducted under MRI guidance and axial contacts with the cardiac wall were verified by the sensor prototype. During the in vivo experiment, the electrode on the catheter tip that is usually present to perform the ablation points, was not included. The goal was to examine the operation ability of the sensor prototype by mimicking an ablation procedure. In the future, the electrode with its leads will be integrated and a new calibration of the sensor will indicate the device ability to ablate heart tissues while measuring the forces from the contacts of the catheter tip. It is also noted that during a cardiac catheterization procedure forces can act on the tip of the catheter from all directions; hence, future work will also focus on creating a multiaxis force-sensing catheter tip in a design that minimizes the frictional forces between the translating components to avoid degradation of the signal quality. This mock ablation procedure confirmed the feasibility and viability of this low-cost force sensor prototype and opens the way for further improvement.
